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Abstract

A ]cccr)l study of dcel, s~mc tclccc)illll]ll[ lic:]lic)r]  systcrlls was [,crl’otl[]cd ir] sul,~mrl of NASA’s

hlissic)[] 10 IIIC Solat SySLCIII  [)l:tllilitl~,  ac{ivi[y. ‘l’tic ICSL]IIS  of [I]is s[udy stlow [Il;l[ I]i:ll

Imr]dwid[tl cc)r]~lilllrlic:l[ic~t~s  (g[c:i[ct t}mII 1  M[qK) wc fc:lsiblc at Ili:l]-value l~latlct:tty (:lr:c[s

[]lovidcci tllc[c arc invcs[lllcnts  ill tl]c ~,fould  aId s}xrcccldf[ co]ll]lll]]lic:itio[l” il~f[~is[[uctu[c, ‘1’ttcsc

I: II SCIS include Mars, Jul)itcr,  and Ncptul[c, Ol)[ical  corl]lllt]tlic:i[ic~tls is a key c]lat)lil]~ tcclltlolo:y

for acllievinx IIm lli@lci data 1:1(cs.  “1’tlis wotk was tllct] cxlct Idcd to umsidcr solutiotjs  [0 CXIILIIIC

dcq) slmcc (twyord  100 A(l) cc)rllrll[]llicati{)]ls. (Tc)rl]l]lltr)icaliolls dolt,  INlcs tk(wccl,  10 :ird I 00

Kt)~)s stlould he :Icl]icvablc fro{ll as LIT {Is 1 , 0 0 0  AIJ wittlin ? 5  years. ‘1’tlc tccl]t]olorics,

itlflastluctulc  cr]llalmrncnk,  arid rcsullirlg  I)c[forl]lancc  ca~mt)ilities me discussd irl IIlis palKt.

Kcy Winks: Ol)tic:ll cor]]lllllllic:l(icllls,  1 ,nscl cc)lllrllll[lic:itiotls,  l)CCII slmcc cot]lltlllllic:itiolls”

1. lllt[mluctior]

‘1’ltoc lms I)ccll rlluctl irllert.sl  latc]y it] IIlc

(Icvclq)lllcllt o t- a Iorl,g rilllpC plwl fol

l~’lccot[l]ll  tlliic:ttic)tls within OLi I sol:{t systcll].  I’at[ o f

[IIC itltcrcst SICIIIS fror[]  a N A S A  Of(icc of S]mcc

Scic[]ccs ( 0 S S )  plallnin~ aulivily to dcvcl(y,  a

r (][l[ltti(i[)  fol t I Ic Mi.ysiotl to !/1 c ,Tol(i t SYS 1 cltl, ‘1’t )C

Jet }’l{)lmllsiotl I atmnto]y (J]’]  .) has t)ccr] lc;din~ (Ilis

cflor ( for NASA, ‘1’t)c ro:d[im~] IIas txcrl syntlmi~cd

OVCI  II)c Jxlst s i x  rno]l[tls  wittl lmr(iciI)[i[ioll lrot II a

cr oss section of tlm AT]Ict ic:lrl scicrlcc cor]}rllurli[y as

. .
wc]l af tccllrlolop, isls flolll N A S A  Iicld Ccrjtc[>,

ac;dcfilio, ard LJ..S.  indus~[y. ‘1’ilc io:drllzql u)vols

10tmlic Cxt)lm:ltior} fo( tl]c pcliml of Iill]c f[olll rlow

url[il tllc yc:it ?020.”

NASA rcolizcs tlmt solnt systclll cxl)lolit[io[l  will

tw :11] irltcllla[iolial activity. f;olcigll SIMCC +Icn:y

[]lnlls for ~)larlrtaly  r[lissior)s  }Iavc twc[l factmtxl ill[o

[he I(dlllq)  aclivity. ‘1’IICIC  w i l l  l i ke ly  be m]

ilitctlt:[liml:[l  J)l:tr)l)ir): aclivity tlIn[ w i l l  follow

NASA’s acccjltntlcc  of (I]c Io:KIIIIa})  rtcorl][[lcrl(l:i[i[~lls.

III additior~ lo dcvclq)i []: a set of

* Jet l’li]i,ulsiort 1,atmratoly, (Ialifmllizi  lrlstitute of ‘J’cclInoloCy, 4800” ():ik ~itovc 1)1., l’madcr]a, (A, 91109.



tt’~’t)]ll]l lc.t~cl:\[icJtls  10 NASA for nlissions in rcspm]sc

10 s]wcific  Sciea[iflc qucs(ions,  tlw Ioad[]m~) Ica![l

exalllined Scve[al of [}m kcy erlnblias [ccllno]ogics.

OrK: 0( Itwsc is telecotlllltl]t licatiolts.” T h e  locas of

IIK ldllaq) activity was or) space I]lissio]ls  willlin

Illc solal Systcnl. 1 lowevcl  ,  tk W()[k  Illal was

llelfotlncd irl lbc Iclccolllll]tlrlicalio[ls arm cart trc

cxkxdcd  10 fal oa(cr p l a n e t  zrnci kmgcr-disumcc

ill lIIC’ tinjc ff’lnlc’  of tl]c lwldma[),  w e  COUi([  CXIK-L’I

col]llllll[]ic:i[iol)”  bandwidhs  of n~OI’C  than 1 Ml)p:;  a[

cacti of IIICSC talgcts - with much ~icalcr  calmbilitics

a[ Nl at>. S u e t ]  I:i[gc  bardwid[l]s  wC[C  cmsidetcd

csserltial to provide a k’lclncserlcc  for tt]c science

colllrnar]ity ard (1K g e n e r a l  ]]ab[ic  darirlg lbc

cxploratiorl} and 10 lay tbc in f’la<lrac[arc f o r

sabscqaerl(  I)ilo[ccl  ]Ilissions.

tl]issiolls as w~cll.

‘Ihc M i s s i o n  to tl]c Solar Sys[ciIt roadlnap

coasidcrc’d niaay aspcck  of ttm lclccorllr  ll~tr]ictltiorls”

cllallen~c. ‘1’l)c tea])) collsidcid  I}IC network irlg,

aspcc[s of ol]claling IImlly sJ]acec]af( ( s a d  kadcrs,

Iovcls, . ..) on a sing]c tar:e[ body usill~

c(~]llrlltlrlic:ltic)rls ~elay satellites ort~itin: aTC)Lll)(l  [}1 OSC

tmdics. ‘1’llc [calI) a l s o  c.xarr]incd [Iw ctmllcnsc 0 1

jn~~vidiag a low cost, low ]]):1ss,  hip]l pet t“mlmacc

cc]lllriltlrlic:itiolls ca])abi]ity bctwfccrl  ltlc Sll~fX’C

clctacnts  d a relay satellik’, The tcalll Slw’1)[  IIlost

of its crtcr~y plcdic[in~  ttm pcl~wrnancc,  as a farlc[iot]

of tirl]c, fol lIIC lt [itdi lines - ttlc lrlair]

cc)irllil~]rlictlli[)lls chanacls between (Ilc tarSct tmlics

atd ttlc }krr’[tl,  tatl)cr tliaa ttle local liilks bctwccn s u c h

lllin~s as landcls ard lhcir ]ocal lclay sa[cllitcs. ‘1’hc

(lank lines rel]rcscn[ II K- Imldcsl  l) IoblcIII  [0 solve for

oa(cr l)lanet  ]Ilissions and bcyon(l, Two radio

I_rcqaerjcy baIIds (~-baad ard Kn-b:ird)  ucte col]sidct~d

as was o[)t ical corrltllllrlic:ltior]s].” ‘1’l]is  [xq)ci deals

o]lly wilb Ircrforrlmncc estimates and lcc}inolopy

dCVClOplllcrits ccrnsidcrc41 for lbc optical

cotllrlltlt]ic:tli(]]ls  o[)tior)s  of tt)osc  traak IIncs.

“1’hc  roadrllap armlysis  irlcladed an exan]irlation  of

Illc Lcy tctllrlolop,ics i~qaitd fw tl]c tIuii L llncs w,.!

tl~eil probable availability over tlm next 25 ycats,

A n a l y s e s  w e r e  ixxfo[[ld for tlircc tar~ct My

cc)rl]llltlr]ic:itic)rls or bi[crs: Mars (2.5 ALJ),  Japitel (6

AU), and Nc]](arlc (30 AU.) “1’lw ]csults  SIIOW4 [Ilat

‘1’tlis \\’c)l k was tllcn exlclldd to cover

c{)rllll]~lrlica[ior]s capal)ilitics  01]1  [0 ] ()() AU alKl

1 , 0 0 0  ALJ it] (Itc SaIIIC p e r i o d  o f  titrlc. ‘1’tle rcs[]l(s

irdica[c  t}m[ it will bc possit)lc 10 sul)pm  [ data Iatcs

of 10 to 100 Kbps  frorl]  nlissions a[ 1,000 /lLJ

wit}rir] ?5 years,

?. ‘1’cctl[iolopy l’rcdic[iorls

I n  ordct [0 eslirl late cotllrrllltlic:ltic~r]s link

l)crfolll]ancc ()~’cr I}w ncx[ 25 years, one r]]ast predict

ttlc cvolulion of crilical c’orllt[lllr]ictiti{ir]s

tecl]rlologics, This is at] irll[wlt_cct  exercise. It is

also, at [he IIlorncnt,  riot cost col]st  lairled.

‘1’t]c [ecllrlolo~ics lislcd bc]o}v ale not rncarll to

rc])lescr]t all Iclcvant tecl]no!ogics  - only tllosc tliat

a r c  seer] as ct]abl in: for the rllairl c{)]llr]lLlrlic:itiorls

trunk links.

?.1 Wavclcr]gtl]

(’arlcn(  ol)tical c(~]]lrllLlrlic:lticJrls work  for dLi:ll

slmcc lirlks is cmwcrltrated at a wavclcn~tl) of 1 .()(FI

IIrn. IIy tlm ycor 2005, it is ex]Kc[cd  [IIC tccllnolosy

fol c(]rllrilLlrlic:ltic]rl  al 0,537 }[lJl will Iw a~wilal)le for

fliglll, ‘1’his wil l  a l low an incrcrlwrl[al  jur]ll) In

l~crfm ll]arlcc,
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2.2 Spaccclah 1 ,ascts

“J’he Cf[jcicl)cy  o f  solid s(atc ilyablc ]ascts i s

assulncd [0 incmrsc  from its cu[lcnt  value of about

]()~( to bct[cl  [11:111  ~()~o OVCI  ttK’ IICXt  25 yCal S. A t

the  salilc litl]c, (hc raclia[cd powct i s  prcclic(ccl 10

illclcasc flotn 3 W to 20 W.

2.3 1.ow Mass and (l)st Space “1’mlninals

J]’] ~ Ims bcclt working  on tlm ctmllcngc o f

cvcatir)~ a l o w  ]nass find low cost cc)Il)l]]Ll])ic:\tior)s

tcr{nina] fm clcep space Inissions u s i n g  o p t i c a l

cotl)]lll]llic:ltiolls tcchno]ogics. Although  none of

Itwsc tctrninals have flown in space yet ,  scvctal

ploto[ypcs, it]clucling tllc oj)lical  ~c)l]ll]lllllic:ltiolls

lkll~ollstt atol (0(’1  1)’ h a v e  b e e n  tested in ttlc

Iahator’y. ‘1 ‘Ilc OC1 ) tellninal has arl o[]tica]

a])cr(ulc  of 0.1 III.

l(igurc 1 s h o w s  an er~gir~ccr-il]g  model  for a (Imp

space optical tcr[nillal, 11 has a rrlass of abou[  8.5 k:

aml a power consurn])tiol]  of 30W. SLICII a tct Illinal

c(wl(l I)c available for cxpct itncrllal ftight as early a~

next year.
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];ig,urc 1, IJcc})  space oplical fligt]t tcrll~irlal

Nfof-c advanced versi(ms,  lkrl i[l(e~la[c  tllc optical

corr}rl]llrlicatiorls”  irmwrncmt w i th  a scicncc irr)aglr]g

sys[crn, could be rtmdy for fli~ht by 2000. ‘Illcsc

WOUld  ha\JC a 11);1SS O f  :lbOUt 1  () @ :lrld CorlSLll[l C”

approxirmtcly  35 W of power.

2.4 }Lal[tt Rcceivc  ApCIILIICS

“1’here is curlcrltly no operational capability for

([ccl) slmcc o[~tical cc)illrllllrlica(ior]s. I)cr]]c)rlst[i(tiorls

have been pcrforincci  usirlg r]]octificd astronomical

obscrvator-ics]~,

}Iy (he ycai” 2 0 0 0 ,  t i m e  could tw a lirl]ilcd

~[ouncl-bmcd op[ical corllrllllr~ic:itic)[ls caIml]ility  1 0

sLI[)poIt  CIclllollstlzi(ic>rls  ill (Iccp spm’cf. ‘1 ‘II(XL’

statiorls could ]mvc a loin IIc)rl-clifflac(iotl Iil]]ilccl

rcccivc  apcr-turc, ‘1’t]is  would  bc more ttmrl cr)ough to

support hunc]rcds  of kilohits of c[)rllllllrrlic:ltiorls  flom

Sa[ulm-like distances in ttle rlcal-tcrln,

in ordct [o IIlake this capability truly opcra(io[la],

several copies of tt]c IOti) tcrlllinal would bc built to

a c h i e v e  bottl cor]lir)uous  covcragt with (kc]) sp;tcc

tdrgcts aII(l spatial clivc[sity 10 cornbal  ttlc effects of

l{ar[ll’s wca(l)c[. At Icas( three, and Ilmybc as many

a s  f i v e  sucl) s[alions woulcl bc r1cc&4i to supporl

oI)crational  deep slmcc rllissiorls6.  ‘1’}msc could bc in

[]lacc by ‘2005,

Ily 2010, tllc }Iar(ll  receive capability could bc

lrlCIL~aSL’d  eiltlcr b y  buildir]g  ]alger g[oun(l-ba$ccl

apcr lures, o r  by placing t h e  terll]irlals in Ilarlh

or bit’~.

2 .5  Rcceivc  l;iltcrs

(:11110111 state- of-the-m 1 for rcceivc systcnl
o

clc.te.ction flltel bar]dwidtl]  is about 10 A. OvcI the

nc.xt 25 ycats, this stmuld  dccrt-asc  to better Ilmn 1 ~



throLlgh tlm LISC  of techrlolo~im  such as the l:amlay

Ar)mnaloLIs  l)ispcrsion t3pticrrl Filte/’

2.6 ])ctcctors

(~uricnlly, all oplical cc)lllltlllrlicatio[ls

(Ictllorlstralic)lls w i th  clmp space have utilizcct

aVal~IIChC  piwtoc[iodcs  (A[]l)s)  to Illcaslll”c  iIICOIllil)g

p h o t o n s . By the ycat ?015, solid  state

Il}lo[ot]llllli[)licr  t ubes (SS-PM’I’S)  ShOU]d k

available.

2.7 ]’ointing

JLIS( a s  in tllc case of 1<1~ cc)rl)rl)llr)ic:ltic)])s, t h e

p o i n t i n g  of both the spacccraf(  am] Ilarlh t e rmina l

apm(urcs  is also c1 i(ical to tt]c imrfoi Jwmcc of ltle

link for optical corilrllur]icatiorls.

‘1’llc first deep space missions

cc)[]li]~tlllicatior]s wil l  li~ely h a v e

10 usc optical

a  mcrpcrative

~)oi[llir)g  Syste]]], III this case, a laser bcacc)II signal

will t)c sent f[ 011)  the lkrth station, Aftc.r acquisition,

tllc two tcrlninals will track each other’s signal to

act)icvc a closed -loop [)ointing.

By 2 0 0 0 ,  a  Spacccriift  Systclll tb:it finds tllc

o p t i c a l  irllagc  of the l[artt]  could al low suff]cicr)l

poi[l[in~ accul <Icy  to clilninate the ncccl for an Ilarlh

tclminal beacon for signal acquisition. More

so[)l]isticatc(l  s y s t e m s  t h a t  LISC s t a r  tlackcrs  and ot}m

( m - b u d  SCIISOIS could a l l o w  CVCI)  b e t t e r  crpcI)  loop

pointin~ by 2005.

IJy 2 0 1 0 ,  sL]ch on-board  autonor])ous  pointins

s y s t e m s  COUI(I bc fut-tber impmvccl  by using rmr~-

mccbanical fine-stccting  techniques for the spacecraft

Ic]lnirlal.

3. Analyses for Mission to the Solar Systc.rn

LJsing tlm technology projections above, lir)~

pcrr{)rllmncc cs[itl]a[cs  were (Icvclopcd for ttlrec

target-tmly orbiters: a Mars orbiter, a Jupil.er-

or’biter, and a Ncl]tunc-orbiter. It was assumed that

tl]c Iargcst launch vctliclc availab]c for this cxcruisc

was  a Iklta 111, ‘1’t]c analysis was pcrfol-rnccl  at iivc

ycai inlcrvals  bc~inning  in I 995 (present capability)

ar~d erldirl~ in 2 0 2 0 ,

]ior cacll y e a r , six I ink perforlmrrlccs were

calculated, ‘J’wo  of thcrn WCIC of)tical links basccl or]

ag~, rcssivc an(l Umscrvativc estinlates fot lhe

tc’chnology cvolutior~. ‘1’t]c c)tt]cr fc)u[ WCIT

a~,gtcssivc  and conservative projections for both X-

bancl aIKl  K[l-bar]dt. ‘1’hc  tcsults fire showrl  irl

2.

Mars,, Jupiter Neptune

} :igul-c

I —-”/ }.HDTV

-#=———4

Year

IJigurc  2, Mission to ttw Solar Systetll ca[mbilitics

projections for trunk lines

‘1’t]c a r e a s  in ttm :1 ar)tw arc boundccl by the

b e s t  a~grcssivc case or) tbc t o p  and t h e  b e s t

conscl valivc case on tile bottom. All t}]rcc ~[aphs

Cvcr)lually USC oplicai corl)Tll LIIlic:i(l[lrls [()  bOLlrld ttlc

arms as  tinlc pro~tcsses.

‘1’hc  horizontal  lir]es ttmu:b t h e  gl”apbs

rcimscnt  ttm capab i l i t y  tha t  w o u l d  bc  rcquir~.cl to



.

(km types. ‘1’hcsc  range froln bmrclcast  clwrli(y’

(elcvisiorl  (LJSA N’I’S(;)  [o l M A X  bi~b rcsolu[ion’

ntolion pic(ures, Agg[cssivc comprcssim

Iccbnology  wasassLIIncd  for all (Jflt]csc(la[atyl~cs.

‘1’IIc  NCp(UIW coll]rl~llt~ica(ic)rls olbi[cr w a s ,  b y

fat, (bc ~nost clmllcngirlg, It requires a t~clla Ill

launch vchic]c  and ar) R-l’(i 10 supply suf(lcicnt

powcl f o r  (11C  link. Oplical colllrlltlrlicntiol~s”

]woviclcs tllc Cmly op(ion for 1 Mbps

Cc)rillllllrlic:i(iorls bandwidlh in ttlis Iimc !’ra[ne.

‘llm basic conclusion for the Missiol) (u (I)c

SolarSys[clllr oacll)]al>cxcrcisc islhat  a capability at

Icas[ as good as conlmcrcia]  broxicast tclcvisicm could

allow tl)c public to Imlicipatc  in explolal  ion of tbc

en[irc solar systcrn if tbc[c is cnm,gb irlvcs[lrlcnt  i[l

t)otllfligt]l al](l~totl[l(l infrastr-ucturc.

4. Ilx(e.l]siol~s tc)l~ar I)cc~~S}>acc MissiO1~s

All (be s:tlllcassllllll]tio[]s about tbc availability

of ~ey [ccl~[mlogic.s rclnain  valid fol tbc f a r t he r ,

“out of tbc solar systcln”, lirl~ pc[forllmrm

ctilculatims.  lrl rrctclition,  since tbclc is nota[.g,ct body

to ort)it  fot these missions, tbc spaccclaf(  IIlass

litllilations fortllc cc)lllll]llllicatiorls  syster]l tbnt bncl

b e e n  irnposcd  t o  a l l o w  f o r  olbit captu[c  arr(l

maintc]mrlcc  for tllc thtt.z planetary cflscs above can

Icl:\xc{l, ‘1’llis  extla lnass lnalgill could go towml

~cncrating l]IOIC  spacecraft power, proviclins  twice

as ]Ilucb avaitab]c colllllltlllicatiotls  c]cctlical p o w e r

froth  R’I’Gs  (150 W) bcginnir]g in 2010,” ‘1’his IIIakcs

ttw l i n k  pcrf[wrnance e s t i m a t e s  look bcttc! i~~

cotlll)arison to tl]c Mats, Jupiter, and NcptuIIc cases

[ban one mi:ht e x p e c t froln the inverse squmc

(Iistancc loss.

An additional  laclio frc.qucncy tccliniquc comidcreci

fm botb tllc 100 A U  ml 1 , 0 0 0  ALJ missiom was

mraying o f  X-band  and Km-band :Iouncl  anlcnrlm.

Al]owing  fo] a 0.3 dllcolnbinir~s  loss  by 2020, au,

arlay consislinr  of a70rn  and four 34rll arlterlruls (Ihc

planned configuration O f  all Ibrcc DCCp  SpiiCC

Nc(work colllpt~xcs by 2 0 2 0 )  WOllkl }I:IVC

ircrfmrnmcc  slightly b e t t e r  [ban a single 94rn

antenna. Since continuous coverage. is not likely to

b e  a rcquircmcnt fm suc}l Inissions,  SllCb kirge

artlounts of grourld resources car] bc npp]icd fc)l-

stloll i~crio(ls of time.

“1’hcrcsullsof  the agglcssivc  armiyscs  arc sl)own

irl talmiar forrl) in ‘1’abic 1 ,  togclhcr  w i t h  tt]c

msump(iorls or] available technologies. ‘1’hc

cortsclvativc  caw cliflkrs fronl t h e  vaiucs stmwr~ irl

t w o  lnairl ways:  tl)c R}: simccctafl antennas m

assumed to  bc flxcd, 1.5rr]  dishes, ard tttc optic ai

tccttnoiosy i t e m s  m awurncd t o  rnaturc tcrl years

later. in rcfcrcrlccs 10 ancl 11, sirrlilar  calcuiatiorls-.

arc pcrfotlncd 1 0  cstima[c the corI~rl~LrrlicatiO1\s”

l~crforrrmnce of a 1,000 ALJ rrlissiorl  fol X-barld arrcl

oi)ticat systcrns. “1’hc ~-csults arc cor[limablc t ()

tbosc iwcscntcci  hcrcfortl  lc2010-20151i  rncwbcrl orle

accourlls for tbc diffcl-crlccs in assumptions.

l:i~urc 3 stlows these results g,ra}dlicaliy irl tbc

SaIIIC forill as in t h e  i]rcvious sc.ction. ‘1’hc arms in

ttlc Srai)lls arc boundcci by tbc best of ttlc aggvcssivc

an(i conscrva[ivc rcsul[s  for crrcb year. As shown in

‘1’nblc 1 ,  tllc ui)i)cr (Iligtl pclfO1lrlanCe)  cnveloi~c o f

ttlesc long-dis!arlcc  ]inks  is clornir~a(txl  by the opticai

systcln i>cl fot rl)ancc after Ihc year 2005.
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T e c h n o l o g y A r e a 1 9 9 5 2 0 0 0 2 0 0 5 2 0 1 0 2 0 1 5

I
1

- - % 7 0 2 0

C o m m o n Spacecraf t  System  Power 75——.. 7 5 7 5 1 5 0 1 5 0 1 5 0. — _ _
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I;igurc 3. ~~almbi]ilics projections fol
colillll~ll~ic:llit)[ls froln missions at 100 ZENC[ 1,()()0 ALJ

4. (~onclusions

The calculations pclfo]  Incci hcle in(iica[c that, even in

tl)c nca[ (ctnl, col[~llltlllicatiO1ls”  capabi]itics  from fat

OLI(C1”  SO]~I” S~SICll)  llliSSiOnS  (up 10 ] , ( ) ( ) ( )  A~]) ~lC

sufficient to supprrtl mcanin~ful  scicncc and even

]~ul)]ic involvctncnl. W i t h  to&iy’s tcchno]og,y,

IIlissions  using ~ilobit cla[a mtcs can bc suplmr(cci at

100 ALJ. Wittlin 20 yca(s, this ca}~ability will exist

for missions at 1,000 AU. With a n  aggrcssi\w

~mo~taln of comnlunications tectlnology <ar d

infrastrL\ctuIe  (Icvclopnlc.nl, even Ereattr capabi]itics

w i l l  t)c  pmsiblc -  Ltl) t o  sLlpporli  Ilg rca] ti[I]c

hoadcmt  qLtality (clevision from 100 ALJ and many

]ninuics o f  tclcvisiorl-C ]Ll:llity  v i d e o  cac}J  d a y  fron)

1,000 A(J.  Optical  coIrlr[lt]nicatic) r]s will p l a y  m

irnportmt pm ( in tttis t e c h n o l o g y  e v o l u t i o n .
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